Abstract-We report a nanosecond upconversion optical parametric oscillator which can convert the output of a Nd:YAG laser at 1064-nm wavelength into 627 nm with high efficiency. This device is based on a single KTiOAsO 4 crystal that is simultaneously phase matched for optical parametric generation and sum-frequency generation. Pumped at a wavelength of 1064 nm by a Q-switched Nd:YAG laser in a double-pass configuration, this device produces 14.2-ns-long 5.8-mJ red pulses at a wavelength of 627 nm with 29% energy conversion efficiency. In addition, we developed a theoretical model for this device, whose predictions agree reasonably well with our experimental results. It is possible to scale this device for use with higher energy pump lasers and to shape it into a physically small semi-monolithic configuration.
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I. INTRODUCTION

C
OHERENT radiation in the red part of the spectrum has important applications in several areas including laser projection display technologies, holography, biomedical systems, and as an intermediate wavelength for conversion to other wavelengths of interest. Nonlinear wavelength conversion of solid-state lasers based on neodymium (Nd)-doped laser crystals to red wavelengths has been widely utilized for red beam generation. In particular, Nd:YAG [1] - [3] , Nd:YLF [4] , [5] , Nd:YVO [6] , [7] and Nd:GdVO [8] , [9] lasers operating at around 1.3 m have been converted into red wavelengths using either extracavity or intracavity doubling schemes in the continuous-wave (cw), nanosecond, or picosecond regimes. Red beam generating optical parametric oscillators (OPOs) pumped by various harmonics of Nd:YAG lasers operating at 1064 nm were reported in the nanosecond pulsed regime [10] - [14] . However, the overall 1064-nm-to-visible energy conversion efficiencies of these systems are typically below 10%. More recently, nanosecond OPOs using periodically poled crystals that are pumped by the second-harmonic of 1064-nm Nd:YAG lasers were demonstrated to yield larger conversion efficiencies for red beam generation [15] , [16] . However, output energies of these devices were limited due to the damage threshold of the OPO crystal, a general problem resulting from aperture-size constraints in poled crystals. Combining two steps of frequency conversion within the same nonlinear crystal using simultaneous phase matching facilitates efficient frequency conversion to wavelengths that cannot be reached via a single nonlinear process [17] - [26] . In particular, both femtosecond and cw Ti:sapphire laser beams have been upconverted to visible wavelengths by combining sum-frequency generation (SFG) [20] , [21] or second-harmonic generation [21] , [23] , [24] with optical parametric oscillation. We recently reported a sum-frequency generating OPO (SF-OPO) that extends this approach to the nanosecond regime [26] .
In this paper, we report an SF-OPO in which the 1064-nm pump beam from a Q-switched Nd:YAG laser makes a doublepass through a KTiOAsO (KTA) crystal that is simultaneously phase-matched for both parametric generation and SFG. This device operates at room temperature and generates red output pulses at 627 nm with upto 29% 1064-627-nm energy conversion efficiency. This SF-OPO can be shaped into a small-size, semi-monolithic module to be placed in front of a Nd:YAG laser for highly efficient conversion into a red wavelength.
In addition, we report a theoretical model for our device and compare its predictions with the experimental results. Our model incorporates both temporal and spatial profiles of the beams, and takes diffraction into account.
II. EXPERIMENTAL CONFIGURATION
Our experimental setup is shown in Fig. 1 . The pump source is a 4-Hz flash-lamp-pumped Q-switched Nd:YAG laser operating at 1064 nm, generating 32-mJ pulses of 17.8-ns duration [fullwidth at half-maximum (FWHM)]. The telescope lenses reduce the diameter of the pump beam that has a Gaussian-like spatial profile almost threefold resulting in a 1.3-mm-diameter beam ( intensity point) with a divergence of 3 mrad. The SF-OPO is based on a 20-mm-long KTA crystal which has antireflection coatings for the pump and the signal wave-0018-9197/$20.00 © 2006 IEEE lengths on both surfaces and the propagation is along the and direction of the crystal. The 4.8-cm-long L-shaped cavity is made up of three flat mirrors, M1, M2, and M3, which are all high reflectors at the signal wavelength of 1525 nm. The pump beam entering the cavity through M1 and exiting through M2 makes a second-pass through the crystal as it returns into the cavity upon a reflection from the high-reflector mirror M4 placed about 3 mm away from M2. M4 is slightly tilted to prevent the back-reflection from coupling into the pump laser cavity by providing an angle of 0.2 between the directions of the incident and return pump beams in the crystal. Both M1 and M2 are high transmitters at 1064 nm. When pumped above threshold, a p-polarized (horizontal, fast axis) intracavity signal beam at 1525 nm and an s-polarized (vertical, slow axis, axis) idler beam at 3520 nm are generated from a p-polarized pump beam through parametric generation employing a type-II birefringent phase-matching geometry. An intracavity plate whose surfaces are antireflection coated at 1525 nm acts as a polarization rotator to couple a portion of the signal beam to s-polarization. Simultaneously phase-matched SFG results in the s-polarized component of the signal to be summed with the pump beam to produce a p-polarized sum-frequency beam at 627 nm, again in a type-II polarization geometry. This red beam exits the cavity through M2 and is separated from the idler by the highly reflecting dichroic mirror M5. The red beam experiences a total loss of 22% in going through the second KTA surface, M2, and M4 (8% each) because these surfaces were not antireflection coated for 627 nm. The idler beam is totally absorbed in M2, M4, and M5, which are made from BK7 glass.
We have also operated the device in a single-pass pumping configuration where M4 is replaced with a 45 dichroic mirror, which separates the pump from the sum-frequency. This dichroic mirror is a high reflector at the pump wavelength and has a transmission of 96% at 627 nm. In this case, only a small amount of idler, 0.3 mJ at the highest input pulse energy, is measured after the mirrors external to the cavity.
For the double-pass and single-pass configurations, we calculated the peak intensities of the incident pump beam at the crystal input to be 140 MW/cm for a maximum pulse energy of 20 mJ and 210 MW/cm for a maximum pulse energy of 30 mJ, respectively. At these incident pump levels, the corresponding intracavity signal pulse energies, whose relative values are monitored using a photo-detector placed behind M3, are similar in value. The peak pump intensities are kept below these values to avoid the damage of the surface coatings on the KTA crystal. The damage threshold of these coatings is specified to be 500 MW/cm for a 20-ns pulse at 1064 nm.
Our KTA crystal is cut along the and direction. However, experimentally we determined that simultaneous phase matching at our wavelengths occurs at and , requiring a corresponding tilt. This propagation angle is quite close to the simultaneous phase-matching angle reported in [26] that was experimentally determined for a different KTA crystal and the angle calculated using the Sellmeier coefficients given in [27] for parametric generation and those given in [28] for SFG. The walk-off angles associated with the beams polarized along the fast axis are relatively small, with the maximum value being 0.15 for the sum-frequency beam, whereas the beams polarized along the slow axis experience no walk-off.
III. THEORETICAL MODEL
The plane-wave analysis of SF-OPOs was previously reported in the continuous-wave regime [29] . However, evolutions of the temporal and spatial profiles of the beams have to be taken into account in an accurate model of a nanosecond SF-OPO. A numerical model which includes temporal profiles of the beams as well as diffraction, birefringent walk-off, and pump depletion was reported for nanosecond OPOs [30] . Here, we extend this model to nanosecond SF-OPOs.
In our model, a Gaussian pulse fitted to the temporal profile of the pump laser is discretized with a series of time slices separated by the round-trip time for the SF-OPO cavity. The time-integrated transverse profile of the pump beam measured at the input face of the crystal by a charge-coupled device (CCD) camera is also discretized to a transverse grid. Since the pump beam is collimated, the phase-fronts of the input pump beam are assumed to be flat at the input face of the crystal. For each time slice, the spatial profile of the pump is propagated through the nonlinear crystal. Propagation of all the interacting beams in the nonlinear crystal and in free space are handled using the Fourier transforms of the fields in the transverse dimension. We keep track of the phases and amplitudes of the depleted pump, p-polarized and s-polarized signal, idler, and sum-frequency fields over their transverse profiles at each time slice. The p-polarized signal spatial profile is updated at the input face of the crystal after one cavity round-trip, with residual cavity losses and the loss due to coupling into the s-polarized signal taken into account. This procedure is repeated for the duration of the pump pulse. We assume that the cavity is singly resonant for the signal, the idler and sum-frequency beams at the crystal input surface have zero amplitude and neglect residual reflections of all beams from the optical surfaces. The s-polarized signal is assumed to be completely depleted by SFG following a pass through the nonlinear crystal in the forward-propagation direction. In this model, we also assume narrow-bandwidth operation [30] . However, in the experiment, the SF-OPO produces multimode output since the pump laser is not injection-seeded. Two numerical approaches to modelling multimode OPOs have been reported [31] , [32] . However, incorporating diffraction into these models results in prohibitively high computational costs. Nevertheless, we achieve reasonably good agreement between the predictions of our narrow-band model and our experimental results.
The simultaneous phase matching polarization geometry of our device belongs to class-D SF-OPOs, as defined in [29] . For each time slice in the temporal profile of the pump, the coupled-mode equations that describe the simultaneously phasematched parametric generation and SFG processes in the nonlinear crystal of this class-D SF-OPO can be written as [29] , [30] (1)
where represent the complex field amplitudes of the optical electric field (6) and 1, 2, 3, 4, 6 index the fields idler, signal, pump, rotated signal and sum-frequency, respectively. We note that 5 is absent because parametric generation and SFG processes are coupled to each other through the pump, which is a field that is common to both processes. In the equations above, and are the effective nonlinear coefficients for parametric generation and SFG, respectively. Diffraction terms are included; however, beam walk-off terms are neglected since walk-off angles of the p-polarized beams are relatively small. Transmission losses experienced by the fields at the wavelengths of interest in KTA are negligible and, hence, not included.
Fourier transforming (1)- (5) into the spatial-frequency domain results in Equations (7)- (11) are integrated using the Cash-Karp Runge-Kutta algorithm [33] . At the beginning of each step, terms are inverse-Fourier-transformed to obtain and the arguments of the Fourier transform function in (7)- (11) are calculated.
In the double-pass configuration, the pump is reflected back into the cavity by M4. For the return pass, phase-matched parametric generation still occurs through the interaction of the reflected pump and resonating p-polarized signal; however, there is no SFG under the assumption that the s-polarized signal becomes completely depleted in the forward pass through the crystal. Equations (7)-(9) without the term due to SFG [the last term in (9) ] are integrated in the return pass to account for parametric generation. The idler is again assumed to be zero at the starting location of the interaction (exit face of the crystal).
The p-polarized signal makes a double-pass through the plate and its polarization is rotated by an angle of . Hence, the updated complex field amplitudes of the p-and s-polarized components after rotation are given by (13) The Gaussian pulse fitted to the time profile of the pump laser which has a 17.8-ns pulse duration (FWHM) is discretized with 130 time slices each with a duration of the cavity round trip time of our SF-OPO which is 423 ps. The transverse spatial grid is typically 32 32 or 64 64 covering a computation area of 4.7 4.7 mm, which is the active CCD array size. When the output energy values calculated using a 128 128 grid are compared with those obtained using 32 32 and 64 64 grids, there are typically differences of 5% and 1%, respectively, between the results.
Even when there is no polarization rotation , p-polarized signal intensity (or energy) experiences a residual cavity loss. In the model we use the experimentally determined value of 2.5%. Values that are used for the effective nonlinear coefficients and are 2.9 and 3.2 pm/V, respectively. These values are calculated using the recently published data for the nonlinear tensor of KTA [34] with dispersion correction employing Miller's rule [35] . For the correction calculation, the Sellmeier coefficients given in [27] and [28] are used for parametric generation and SFG, respectively, at a propagation angle of and , which is the simultaneous phase matching angle predicted by these refractive index data. It was observed that even a few percent change in one of these effective nonlinear coefficients results in typically a 10% change in the energy of the resultant sum-frequency pulse.
A seed power of 1 fW is used for the signal in the model calculations. This value represents the spontaneous parametric fluorescence coupled into a cavity mode at full input energy [36] . It was observed that the model calculations are weakly dependent on the choice of the seed power. For instance, increasing the seed power by 3 and 6 orders of magnitude resulted in output energies which are larger than the one obtained at the seed power of 1 fW by and , respectively. This comparison was done for the double-pass SF-OPO operated at full energy and optimum .
IV. RESULTS AND DISCUSSION
There is an optimum polarization rotation angle that maximizes the output pulse energy of the SF-OPO for a given pump input energy. When there is no polarization rotation (either the plate is removed from the cavity or its fast axis is aligned with either the p-or s-polarization direction), the intracavity signal beam does not have an s-polarized component, and, hence, there is no SFG. In this case, the residual cavity losses experienced by the signal beam is relatively small (approximately 2.5%), resulting in a low OPO threshold and high intracavity signal intensity. As we start rotating the intracavity plate, hence, providing a polarization rotation, a portion of the p-polarized intracavity signal is coupled into s-polarization and SFG begins to take place. However, the effective linear cavity loss experienced by the resonating p-polarized signal, and, hence, the OPO threshold increase, as well. As a result, the SF-OPO falls below threshold at some polarization rotation angle above the optimum value. If the pump energy is increased, conversion to the signal wavelength increases and the optimum rotation angle increases as a result.
In this section, results are given as net values with the additional linear losses experienced by the pump beam at the input and by the sum-frequency beam at the output taken into account. Fig. 2 shows the 1064-nm-to-627-nm energy conversion efficiency as a function of the polarization rotation angle at a fixed pump energy of 20.4 mJ for the double-pass configuration. The predictions of our model are also shown in the same figure. In the experiment, the smallest is chosen to be 22 to avoid damage to the KTA crystal. A peak conversion efficiency of 28.7% is obtained at the optimum polarization rotation angle of 36 . The SF-OPO falls below threshold at around . Our model predicts a peak conversion efficiency of 34.3% at . The output sum-frequency energy at any input pump energy can easily be maximized by adjusting the polarization rotation angle. Fig. 3 shows the maximum energy conversion efficiency and the optimum polarization rotation angle as functions of the input pump energy for the double-pass configuration. Results of the model calculations are also shown in the same figure. For the double-pass configuration, the achievable energy conversion efficiency at a given pump energy is much larger than that for the single-pass configuration, whereas the threshold energy is much smaller. Fig. 4(a) shows the output sum-frequency energy as functions of the pump energy for both double-pass and single-pass configurations at a fixed . The corresponding predictions of the model are also shown in the same subfigure. In the experiment, for the double-pass (single-pass) configuration is held fixed at 36 (38 ), which is the optimum polarization rotation angle at the largest input energy of 20.4 mJ (30.3 mJ). For the model calculations, is held fixed at 30.1 (29.4 ), which is calculated to be the optimum polarization rotation angle again at the largest input energy used in the double-pass (single-pass) configuration. In Fig. 4(b) , the measured pump depletion is shown for the single-pass configuration; however, for the double-pass configuration, it could not be measured since the incident and return pump beams almost overlap each other. In the same subfigure, the calculated pump depletion for both double-pass and single-pass configurations is also shown.
For the double-pass configuration, a maximum of 5.8-mJ sum-frequency energy is obtained at a pump energy of 20.3 mJ, corresponding to 28.4% conversion efficiency. The threshold energy of the double-pass SF-OPO is only 7.7 mJ. At the same For the single-pass configuration, again a maximum of 5.8-mJ sum-frequency energy is obtained at a pump energy of 30.3 mJ, corresponding to 19.1% conversion efficiency and 30% pump depletion. The threshold energy of the single-pass SF-OPO is as high as 15 mJ. At the same pump energy of 30.3 mJ, our model predicts an output energy of 7.5 mJ, corresponding to a conversion efficiency of 24.6% and a pump depletion of 33.6%. The predicted threshold energy is 12.9 mJ. Fig. 5 shows the time profiles of the sum-frequency beam measured at full energy (maximum input energy and optimum ) for the double-pass and single-pass configurations. The time profiles predicted by the model at full energy for both configurations are also shown in the figure. For the double-pass configuration, the pulse duration (FWHM) of the sum-frequency beam is 14.2 ns, whereas the value predicted by the model is 14.7 ns. For the single-pass configuration, this value is 12.5 ns, whereas it is predicted as 11.9 ns by the model.
The bandwidth of the pump beam is approximately 0.2 nm. The spectra of the sum-frequency output measured at full energy peak at around 626.6 nm for both double-pass and single-pass configurations and they have bandwidths of 0.16 and 0.2 nm, respectively. There is a slight spectral red-shift observed in the peak location nm for the double-pass configuration (with respect to that for the single-pass configuration), which is due to a slight shift in the signal wavelength resulting from the angle between the propagation axes of the incident and return pump beams (0.2 in the KTA crystal). The output red beam of the double-pass SF-OPO at full energy is Gaussian-like with a diameter of 1.9 mm at the crystal exit and a divergence of 1.9 mrad.
Sellmeier coefficients given in [27] for parametric generation and those given in [28] for SFG closely predict the simultaneous phase matching angle determined experimentally. Fig. 6 shows the tuning curves of the signal wavelength calculated using the refractive index data given in [27] for parametric generation of the p-polarized signal from the p-polarized pump and refractive index data given in [28] for the sum-frequency interaction between the s-polarized signal and p-polarized pump . The intersection of the two curves yields the simultaneous phase matching angle and occurs at . We experimentally observed that SFG is most efficient for a propagation direction of and , which is quite close to the predicted Fig. 6 . Tuning curves of the signal wavelength calculated using the refractive index data given in [27] for parametric generation (signal is p-polarized) and refractive index data given in [28] for SFG (signal is s-polarized). Measured signal wavelengths are also shown. Signal wavelengths corresponding to the predicted and experimentally determined simultaneous phase-matching angles are indicated.
value. Signal wavelengths of the single-pass SF-OPO measured for various values of are also shown in Fig. 6 . An output coupler that has a reflectivity of 85% at the signal wavelength was used for this measurement. Measured signal wavelengths are within nm of those calculated using the Sellmeier coefficients given in [27] .
V. CONCLUSION
We have demonstrated an upconversion OPO employing simultaneous phase matching which can convert the output of a Q-switched 1064-nm Nd:YAG laser into a red wavelength with upto 29% energy conversion efficiency. The device can be scaled for use with higher energy pump lasers by increasing the aperture size. Such scaling is not possible for OPOs based on periodically poled crystals due to the limited aperture size of these devices. Instead of slightly tilting the back-reflecting mirror M4 (see Fig. 1 ), a Faraday isolator can be placed between the pump laser and SF-OPO for preventing the coupling of the return pump beam into the pump laser cavity. It is further possible to shape our device into a physically small two-piece semi-monolithic configuration. In this case, mirrors M1, M2, and M4 can be coated onto the faces of the KTA crystal with its input face cut at an angle of 45 with respect to the propagation direction in the crystal and a thin plate with one of its faces coated for high transmission and the other for high reflection at the signal wavelength (replacing M3) can attached onto the crystal, thereby minimizing the total cavity length and the energy threshold.
We developed a theoretical model for our device, which takes the temporal profiles of the beams and diffraction into account. Similar to the case for unseeded OPOs [30] , this model predicts generally higher conversion efficiencies than the ones obtained in the experiment. This is to be expected since the model is for waves of monochromatic nature, hence, for narrow-bandwidth operation. Furthermore, in the model, we made no attempt to fit the predictions of the model to the data by adjusting any one of the physical parameters. For instance, the results are strongly dependent on the value of the effective nonlinear coefficients of the nonlinear processes and . The values used in the model calculations were derived from those reported literature using Miller's scaling, which is only an approximation for taking the wavelength dependence of the effective nonlinear coefficient into account. Our model is the first model reported for SF-OPOs operating in the nanosecond regime and is in qualitative agreement with the experimental results.
